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Current Biology 27, R431-R510, June 5, 2017 R435 this way are enormous (hundreds of gigatons of carbon). When at the beginning of the PETM ocean temperatures rose, probably due to an initial warming event caused by volcanism, the methane got released and converted into CO 2 , increasing greenhouse warming of Earth. Events at the bottom of the ocean had driven all of Earth into a much hotter climate. This methane time-bomb also exists today, in the deep sea and in the frozen permafrost soils near the Arctic. And the specter of these reservoirs melting and releasing more greenhouse gases into our already warmed atmosphere is positively frightening.
Recovery from the PETM heat spike took over a hundred thousand years of gradually removing CO 2 from the atmosphere through rock weathering, carbon storage on land and 'draw-down' of carbon in the ocean. The PETM is often used as an analogy to current climate change, but there are important differences: the pre-PETM world was already warmer than our pre-industrial average. More importantly, the dynamics are drastically different. In two centuries, we have already put about half as much carbon into the atmosphere as was injected during the entire PETM and are currently doing so at a rate 10 times higher. By the end of this century, we are expected to have filled the second half. Another difference is that today's climate change clearly has its origins on land.
We experience land and sea as dramatically different environments. We are, after all, land animals, and, until scientific exploration began in earnest, the ocean was a mysterious and foreign place to us; it probably still is. But, land and sea are intimately connected in many different ways -some obvious, others unexpected. And all of these intricate ties will be affected by the big global environment change that is upon us -a change that originated with us, on the less than a third of Earth that is land. Yet, some of the most dramatic effects of this change are evident in the watery majority of this planet, the ocean. Within little more than a century, our land-borne activities have managed to profoundly change the vast ocean down to even its remotest and deepest parts. And it is certain that these oceanic changes will fall back onto us and affect our life on land.
Plumes and blooms
One particularly important way the ocean affects life on land is that it acts as a major sink for carbon. Carbon gets fixed in the ocean mainly by microscopic algaephytoplankton -which, although they account for only 1% of the mass of photosynthetic organisms, fix about half the carbon worldwide. Surprisingly, however, in many parts of the ocean phytoplankton are scarce. This is because there is not enough iron. Iron is a vital ingredient in the biochemical machinery for photosynthesis, but it is poorly soluble in sea water and tends to accumulate in lightless, deep layers, sinking down with dead organisms. Iron deficiency is part of why large swathes of the ocean are like deserts even though nutrients abound. The few places where enough oceanic iron reaches the surface are sites where deep waters well up or where iron from land enters the ocean.
A prime source of outside iron is dust. This is particularly true in parts of the ocean that are close to dry and dusty landscapes like the Sahara. Dust from the Sahara is blown hundreds of kilometers out to sea (some even reaches South America and fertilizes the Amazonian rainforests). Up to 90% of the iron in the Atlantic north of the equator comes from Saharan dust. There, it is especially nitrogen-fixing phytoplankton, so-called diazotrophs, that bloom under the dust plume and in turn provide nitrogen to other microorganisms, stimulating production further up the food chain. As these creatures die, some of them sink to the ocean floor, effectively taking carbon out of the global circulation. Dust intake is thus thought to lead to increased carbon fixation. This link is also apparent in the climate record, especially during ice ages and intervening periods. Whenever there was a lot of dust, as in the drier climates of ice ages, atmospheric CO 2 concentrations dropped, thus removing greenhouse gas and further cooling the planet.
How the effect of dust from land on the carbon cycle in the sea will play out during the current climate change is uncertain. Hotter and drier climates, as well an increased human landuse, may lead to more dust and thus to more carbon fixation. But some areas may get wetter, leading to less dust. As always with climate change, despite the common global trend towards higher temperatures, the specific consequences may be very contingent on local effects. Despite the massive intake of dust -about half a billion tons per year -large parts of the ocean receive no such bonus fertilizer from the land and remain relatively barren as far as phytoplankton are concerned. This has stoked human curiosity and our urge to meddle with nature: what if we supplied iron to these regions? Could we green them and, by way of these artificially seeded blooms, help drag carbon out of the atmosphere down to the sea floor?
The idea has been around for three decades and despite many notes of caution doesn't seem to lose traction. The first test involved simply a few bottles of sea water, but over time larger and larger fertilization experiments were carried out in the open ocean, covering hundreds of square kilometers. And lately companies, hoping for revenue for carbon credits, and even 'climate vigilantes' without a clear scientific underpinning have engaged in ocean fertilization. Sure enough, phytoplankton blooms do ensue. But whether such artificial blooms could lead to significant carbon removal from the atmosphere is not clear. The ecological consequences are complex: blooms may deprive organisms higher up in the food chain of essential nutrients, and bacterial degradation of the fertilized phytoplankton may even lead to the production of worse greenhouse gases, like methane, or to oxygen deprivation. Finally, even if it worked, the scale of the problem is now such that even ocean fertilization on a vast scale would only make a tiny dent in our annual carbon output. Nonetheless, given the rate of our emissions, we probably cannot count on the ocean's natural carbon sequestration potential. Other, better geoengineering solutions will be needed.
The fish in the forest
Occasionally, even regions that don't receive desert dust may turn fertile. Such a one-off event played out in the North East Pacific, south of Alaska, one of the notoriously phytoplankton-poor regions of the ocean. In August 2008, the Kasatochi volcano, part of the Aleutian island chain, erupted and blew a massive ash cloud over 10 kilometers high into the atmosphere. The cloud quickly spread eastward over much of the North East Pacific. Within a few days of the eruption, marine biologists noted a stark increase in phytoplankton, one of the largest blooms ever recorded in the area. The bloom was mainly driven by diatoms, a particularly important class of phytoplankton. Marine diatoms account for about 20% of all photosynthesis on Earth and fix about as much carbon as all tropical rainforests combined. Diatoms are encased in silica shells that are relatively heavy and sink easily, drawing down carbon from surface waters to deeper layers and the sea floor. Nonetheless, the amount of draw-down from the post-volcanic bloom was disappointingly low. Instead, most of the bloom got eaten up by other organisms.
The eruption and the subsequent ocean fertilization may, however, have had even farther-reaching consequences. Two years after the bloom, the Fraser river in British Columbia experienced a phenomenal run of sockeye salmon. Over 30 million fish were thought to have returned to the river to spawn that year, the highest number in nearly a century. This bounty was even more astonishing, as it was set against a backdrop of dwindling salmon numbers in most of the Pacific coast. For the last two decades, salmon returns have been in decline, and the year before the boon, 2009, had seen a record low, with less than two million salmon returning.
Salmon spend four years out in the ocean, where they mainly feed on plankton and marine invertebrates, before returning home to spawn and die. So, at the time of the volcanic bloom, these salmon would have been in the middle of their adolescence and might have benefitted from the added food supply letting them grow faster and letting more salmon survive. But, whether the volcanic ash plume really caused the salmon surge is difficult to prove.
Independent of what caused that particular surge, salmon and other anadromous fish provide another fascinating example of a link between land and sea. Pacific salmon return every year to rivers along the rim of the Northern Pacific. In individual river systems, tens of millions of salmon swim upstream, sometimes hundreds or even thousands of kilometers inland. There, they mate and die after spawning or get eaten by predators, in particular bears. Bears can take out anywhere between 60 and 90% of all salmon in a river. The bears, as well as scavengers going after the dead fish, drag the fish on land and often leave half-eaten carcasses lying around to rot or be consumed by other animals. By virtue of their sheer biomass, these carcasses contribute significantly to the ecological budget of stream or forest ecosystems.
The massive influx of biomass is of huge importance for the otherwise nutrient-poor forests of the Pacific Northwest, which are veritable salmon forests. Most directly, this contribution comes in the form of nutrients like phosphorus and nitrogen that are supplied to the forests. But the ecological ramifications are broad: fly larvae thrive on abundant salmon carcasses and provide food for birds; hence, bird communities are richer on salmon streams than on streams without salmon. Because bears are not only avid salmon eaters, but also important seed dispersers for many fruit-bearing plants, more salmon means more bears and more seed dispersal. Salmon, itself a species that sits fairly high up in the oceanic food webs, enters terrestrial food webs at several different trophic levels, from sustaining highlevel predators, such as bears, to subsidizing primary producing plants. Without the annual salmon boom, these ecosystems would probably look very different. Sadly, this prediction is about to be put to the test, as all along the Pacificcaused by a manifold of factors like land-use, river blockages and a hotter ocean -salmon returns are at record lows, and last year Fraser river saw the lowest numbers of salmon return in history.
The trophic links between land and sea are complex and can be intricate, especially when humans do not meddle with them. Just how intricate is illustrated by a trophic cascade from land to sea, and back again, on the tropical atoll of Palmyra in the central Pacific. Though relatively undisturbed by humans, some of the island's native forests have been replaced by coconut palms. Coconut palms tend to move around much more in the breeze, making them much less attractive as nesting and roosting sites for seabirds. This has profound reverberations, all the way back into the ocean. More seabirds in a spot of native forest means also more seabird droppings, which provide more nutrition to the forest plants, but also more nutrient-rich run-off back into the sea, where these nutrients, by way of the ocean-feeding seabirds, came from in the first place. There phytoplankton and zooplankton thrive on the extra nutrients in the waters around the atoll, which in turn attracts predators, in particular plankton-feeding manta rays that are found more frequently around native forest patches.
Fed to death
Unlike in the Palmyra example, nutrient flow from land to the oceans is usually not that beneficial, at least when the run-off -rather than of innocuous bird droppings -consists of the output of an oversized human agricultural industry. The rapid industrialization of agriculture, in particular the use of artificial fertilizers, combined with deforestation and changes in water management, has led to a massive increase in the amount of nitrogen and phosphorus that is washed into the seas. The consequences have been dramatic: over the last five decades, about 400 so-called 'dead zones' have emerged worldwide, their number nearly doubling every decade. In these dead zones, deeper water is essentially free of oxygen and thus devoid of Unlike in the open sea, where occasional algal blooms fueled by dust or ash may benefit the food chain, the algae thriving in these blooms cannot be utilized as easily by other plankton or macroscopic organisms. As a consequence, they either get eaten by predators like jellyfish that may contribute less to higher trophic levels, or they just die-off and sink to the bottom where their left-overs are broken down by bacteria, which in the process consume the oxygen in deeper layers rendering them lifeless. In the Gulf of Mexico, for instance, the amount of annual run-off, largely fuelled by agriculture in the Midwest, is tightly coupled to the size of the dead zone in the respective year. Ironically, a substantive fraction of that agriculture is dedicated to corn, which is used either to feed animals for meat production or for fuels, both of which contribute more to climate change. Likewise, when industrial agriculture activity dwindled after the collapse of the Soviet Union, it meant relief and recovery for the large dead zone that had developed in the Black Sea.
But nutrients aren't the only damage run-off from land can bring to the seas. Pollutants, sediments and even freshwater itself can have devastating effects on the marine ecosystem. This is particularly true for coral reefs, which are already under stress from the effects of climate change, such as ocean acidification and warmer waters. And nowhere is the situation more precarious than on Australia's Great Barrier Reef, which only last year experienced its worst bleaching event. During bleaching, corals lose their algal symbionts, and thus their ability to harness sunlight for energy and metabolism, and as a result often die. Over half of the reefs in this system experienced severe bleaching and fewer than 10% went unscathed. Even though the severity of the bleaching was almost entirely dependent on how hot a particular part of the reef was, poor water quality has other adverse effects on corals and puts additional stress on the reef as a whole. Apart from pollutants from agriculture or mining, which may directly harm corals, and nutrients which may stimulate the growth of the corals' algal symbionts but paradoxically may render them more susceptible to bleaching, it is sediments that affect coral reefs in complex ways. This spring, the rainfalls that came with Cyclone Debbie washed tons of sediments into the Great Barrier Reef. Sediment particles may directly clog and cover, even bury, corals. They also absorb sunlight, reducing photosynthetic production in corals. And not only corals are affected; other reefdwellers, such as fish, have a harder time finding food in turbid waters and their development may be hampered. Again, the ramifications of something as mundane as muddy waters are complex and hard to predict.
What is clear, however, is that globally the pressure on reefs and coastal ecosystems resulting from terrestrial run-off will only increase. Already 40% of the world's population lives within 100 kilometers of a coast, and that number is bound to rise in the next century. Naturally, coastal ecosystems are where land-sea interactions will play out in the most direct and possibly most devastating way. Coastal ecosystems, such as seagrass meadows or mangroves, are among the most vulnerable and the most impacted by humans. At the same time, rising seas are threatening the land, which without the protection afforded by such coastal ecosystems becomes more vulnerable to erosion or flooding. Again, a potentially fatal feedback loop between land and sea.
Within a few decades, humans, who only inhabit less than one third of Earth, have managed to profoundly change the vast body of water that makes up the very essence of our planet. This change affects all levels of the ocean, from physical parameters, such as temperature and acidity, to the physiology of its inhabitants, all the way to the complex food and energy cycles. This burden is the most powerful of all the interactions between land and sea. And like most of them, it won't remain a one-way interaction. The loop will close, the sea will bite back. 
